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ABSTRACT: Pesticides coated to the seed surface potentially pose an ecological risk to granivorous birds that consume
incompletely buried or spilled seeds. To assess the toxicokinetics of seeds treated with current-use fungicides, Japanese quail (
Coturnix japonica) were orally dosed with commercially coated wheat seeds. Quail were exposed to metalaxyl, tebuconazole, and
ﬂudioxonil at either a low dose (0.0655, 0.0308, and 0.0328 mg/kg of body weight, respectively) or a high dose (0.196, 0.0925, and
0.0985 mg/kg of body weight, respectively). Fungicides were rapidly absorbed and distributed to tissues. Tebuconazole was
metabolized into tert-butylhydroxy-tebuconazole. All compounds were eliminated to below detection limits within 24 h. The high
detection frequencies observed in fecal samples potentially oﬀer a non-invasive matrix to monitor pesticide exposure. With the
summation of total body burden across plasma, tissue, and fecal samples, less than 9% of the administered dose was identiﬁed as the
parent fungicide, demonstrating the importance to monitor both active ingredients and their metabolites in biological samples.
KEYWORDS: metalaxyl, tebuconazole, ﬂudioxonil, fungicides, seed treatment, seed coating

1. INTRODUCTION
The direct application of pesticides to a seed surface has
experienced rapid growth as an agricultural technique, resulting
in increased yields through reduced damage by insects and
pathogen-borne diseases.1 This growth in seed treatments has
coincided with an increased use of neonicotinoid insecticides,
with up to 44% of soybeans, 100% of corn, and 100% of wheat
in the United States grown from neonicotinoid-treated seeds.2
It is also important to note that many seed treatment
formulations typically include fungicidal active ingredients in
addition to the commonly applied neonicotinoids or are simply
a fungicide alone. The abundant use of pesticide-treated seeds
poses a potential hazard to granivorous birds that use
agricultural farmland as a habitat and food source. The United
States Environmental Protection Agency (U.S. EPA) estimated
that 100% of broadcasted seeds, 15% of sown and lightly
covered seeds, and 1% of drilled seeds remained accessible to
granivores.3 The number of treated seeds available on the soil
surface was aﬀected by the drilling technique, sowing depth,
ﬁeld location, and soil condition.4−6 However, pesticidetreated seeds are far more accessible and far more likely to
be consumed by (i.e., optimal foraging theory) avian species
through concentrated seed spills. In Minnesota, there were an
estimated 15 000 large spills of pesticide-treated corn, soybean,
and wheat seeds during the 2016 planting season alone.7 The
failure to properly bury seed spills leaves large amounts of
treated seeds readily available to birds.
In the U.S., around 50 million acres of wheat are planted
annually, making it the third most abundant crop, following
corn and soybean.8 In 2017, over 500 million acres of wheat
were harvested worldwide.9 Nearly 20 species of birds were
counted feeding at bait stations that contained untreated wheat
seeds and were placed along ﬁeld edges in the United
© 2020 American Chemical Society

Kingdom; these birds ingested 1−392 wheat seeds in a single
visit.10 The large number of seeds consumed does not
necessarily reﬂect the active ingredient dose that a bird
received if the wheat seeds were coated with pesticides. Birds
may limit their exposure to pesticides through dehusking,
learned aversion, and/or regurgitation. The dehusking of
millet, rice, and sunﬂower seeds removed 15−41% of the
pesticidal active ingredient.11 Overall, it has been suggested
that the seed-handling behavior of a bird reduced their
exposure by 60−85%.11 Furthermore, birds may learn to avoid
pesticide-treated seeds following feeding. Red-winged blackbirds (Agelaius phoeniceus) consumed signiﬁcantly fewer
imidacloprid-treated wheat seeds as a result of post-ingestional
distress when oﬀered both treated and untreated seeds ad
libitum.12 Similar results of avoidance were observed for feral
pigeons (Columba livia) fed fonofos-treated seeds, and these
pigeons further reduced pesticide exposure by approximately
50% through regurgitation.13 The distress caused by the
consumption of treated seeds will vary greatly between seed
treatment formulations (i.e., active ingredients) and the species
of bird.
Numerous birds have been observed consuming pesticidetreated seeds from seed spills.7 In France, imidacloprid-coated
seeds were implicated as “very likely” and “likely” to have
produced mortality in 21 and 49% of reported incidents,
respectively.14 Therefore, despite behaviors to limit exposure,
lethal eﬀects have been documented in the environment. Birds
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ratories (Tewksbury, MA, U.S.A.). Untreated and pesticide-treated
(Sativa IMF Max) wheat seeds were obtained from the Foundation
Seed Project at Kansas State University (Manhattan, KS, U.S.A.).
Wheat was treated at a rate of 3.3 mL of Sativa IMF Max per kilogram
of seed using a Gustafson auger type seed treater and a 50:50 (v/v)
treatment/water slurry mix.
2.2. Sample Dosing and Collection. Japanese quail used in this
study were from a colony raised at the U.S. Geological Survey
Patuxent Wildlife Research Center (Laurel, MD, U.S.A.), and
procedures were reviewed and approved by an internal Institutional
Animal Care and Use Committee (Study 2016-01). To best mimic
potential environmental exposure scenarios of granivorous birds to
treated seeds in the ﬁeld, wheat seeds coated with a commercially
available seed treatment, Sativa IMF Max (Nufarm Americas, Inc.,
U.S. EPA registration number 55146-119), were used for dosing.21
According to the seed label, Sativa IMF Max wheat seeds contain
active ingredients of 11.16% imidacloprid (8.6−12.9 μg/seed), 0.60%
metalaxyl (0.43−0.66 μg/seed), 0.45% tebuconazole (0.33−0.53 μg/
seed), and 0.36% ﬂudioxonil (0.26−0.40 μg/seed).32 The toxicokinetics of the neonicotinoid insecticide, imidacloprid, and its
metabolites were the topic of a previous manuscript.21
Individual treated wheat seeds were analytically veriﬁed (details
described below) to contain 0.655 ± 0.348 μg/seed metalaxyl, 0.308
± 0.124 μg/seed tebuconazole, 0.328 ± 0.164 μg/seed ﬂudioxonil,
and no fungicide metabolites (n = 10; Figure S1 of the Supporting
Information). These measured values are in good agreement with the
predicted values calculated from the recommended application rate
(2.2−3.3 mL/kg of seed) and the average mass of seed (∼33 mg).32
Fungicidal active ingredients were highly variable between individual
seeds; relative standard deviations (n = 10) of metalaxyl,
tebuconazole, and ﬂudioxonil were 53.2, 40.3, and 49.8%, respectively.
The individual seed variability is likely the result of the seed treatment
application; however, it was reﬂective of real-world conditions
because these seeds were purchased from an applicator that provides
treated wheat seeds to growers. Furthermore, this variability was
reduced by the multi-seed doses (n = 10 or 30) administered to quail
in this study.
Male birds aged 6−8 weeks were orally gavaged with three gelatin
capsules (size 2) each containing 10 wheat seeds for 1 day (n = 43) or
10 consecutive days (n = 33) in three treatment groups: control (0
treated seeds; n = 15), low dose (10 treated seeds; n = 30), and high
dose (30 treated seeds; n = 31). Radiographs estimated the
gastrointestinal tract to be full at about 30 wheat seeds; therefore,
the low dose represents a bird feeding, and the high dose represents a
bird gorging on spilled treated seeds.21 Multiple dosing days (n = 10)
were used to simulate a bird returning to a seed spill to feed and
monitor if active ingredients are bioaccumulated or eﬀects were
magniﬁed in comparison to a single exposure. The low- and highdosing regimens were equivalent to 0.0655, 0.0308, and 0.0328 mg
kg−1 of body weight (bw) day−1 and 0.196, 0.0928, and 0.0985 mg
kg−1 of bw day−1 for metalaxyl, tebuconazole, ﬂudioxonil, respectively.
Quail administered a single dose were euthanized at 1, 2, 4, and 24 h
post-exposure. Birds dosed for 10 consecutive days were euthanized at
1, 4, and 24 h post-exposure. The number of control, low-dose, and
high-dose birds euthanized at each time point can be found in Table
S1 of the Supporting Information. Liver, brain, muscle, kidney, and
plasma samples were harvested from each bird. Cloacal droppings of
fecal matter, including urates (hereafter “fecal samples”), produced in
the 24 h period following dosing were collected from single-dosed
Japanese quail (n = 9). Samples were stored at −20 °C.
2.3. Sample Extraction and Cleanup. All samples were fortiﬁed
with d4-imidacloprid and 13C3-tebuconazole as recovery surrogates
prior to their extraction.
2.3.1. Seeds. Untreated and treated wheat seeds were extracted via
sonication with 10 mL of methanol for 60 min. A 1 mL aliquot was
removed for the direct analysis of metalaxyl, metalaxyl alanine,
tebuconazole, OH-TEB, and ﬂudioxonil.
2.3.2. Plasma. Plasma aliquots of 0.1 mL were added to 2 mL
centrifuge tubes, and protein precipitated via the addition of 0.3 mL
of acetonitrile. Following centrifugation at 21100g, the supernatants

that typically dehusk seeds may consume whole seeds when
stressors, such as predation or competition (i.e., food and
space), are present.10 In cases of sensitive species ingesting
treated seeds with more toxic active ingredients (e.g.,
imidacloprid), mortality or sublethal eﬀects could occur before
learned aversion or regurgitation.15
Recent studies have assessed the fate and toxicity of seedcoating pesticides in birds, with a greater focus on
insecticides.16,17,26,18−25 Red-legged partridge (Alectoris rufa)
dosed with imidacloprid or ﬁpronil insecticides resulted in
sublethal eﬀects (e.g., altered plasma biochemistry, oxidative
stress, reduced egg fertility, and decreased chick immunity) or
increased mortality.16,18,24 White-crowned sparrows (Zonotrichia leucophrys) dosed with imidacloprid at environmentally
relevant levels failed to return to a northbound orientation
following exposure and experienced induced mass loss,
reduced feeding, and extended stopover durations.19,26
Japanese quail (Coturnix japonica) dosed with imidaclopridtreated wheat seeds at 3 and 9% of the median lethal dose
(LD50) exhibited sublethal eﬀects on behavior and physical
performance.21
In comparison to insecticides, fewer studies have assessed
the eﬀects of seed treatment fungicides on avian species.24,25,27−31 Difenoconazole, a triazole fungicide, reduced
egg length, the number of fertile eggs, and the hatching rate of
total eggs in red-legged partridges.24 Furthermore, the
fungicide thiram aﬀected egg size and reduced clutch size,
egg fertility, and brood size in red-legged partridges, with the
highest concentrations of thiram producing mortality in 41.6%
of birds.24,27 Red-legged partridges dosed with ﬂutriafol had
decreased clutch sizes and number of fertile eggs, which
resulted in a greater than 50% reduction in brood size.28
Reduced concentrations of thyroid-stimulating hormone
(TSH), thyroxine (T4), and triiodothyronine (T3), which
may aﬀect reproductive success, were observed in breeding
phase red avadavats (Amandava amandava) exposed to
mancozeb. 25 Lastly, male Japanese quail dosed with
epoxiconazole experienced a signiﬁcant decrease in the number
of spermatids and a reduction in the number of germ cells
visible in testicular canaliculi.29
Pesticide-treated seeds are used abundantly in agriculture,
and birds are exposed to active ingredients at concentrated
doses through ingestion. Previous research has solely focused
on the sublethal (i.e., reproductive) or lethal eﬀects of
fungicides following laboratory exposures. The documented
eﬀects from these studies highlight the importance of
understanding the absorption, distribution, metabolism, and
excretion of seed treatment pesticides in birds as well as other
non-target organisms, to relate tissue concentrations to eﬀects.
Using Japanese quail as a model avian species, this is the ﬁrst
study assessing the toxicokinetics of three wheat seed
treatment fungicides (metalaxyl, tebuconazole, and ﬂudioxonil).

2. MATERIALS AND METHODS
2.1. Chemicals and Materials. Analytical standards of metalaxyl
(98.2%), metalaxyl alanine (95.9%, CGA-94689), tebuconazole
(99%), tert-butylhydroxy-tebuconazole (99.6%, HWG-2061, OHTEB), and ﬂudioxonil (99.8%) were obtained from the U.S. EPA
National Pesticide Standard Repository (Fort Meade, MD, U.S.A.).
Mass-labeled reference standards of 13C3-tebuconazole (≥98.0%), d3thiamethoxam (≥98.0%), and d3-clothianidin (≥97.0%) were
purchased from Sigma-Aldrich (St. Louis, MO, U.S.A.). d4Imidacloprid (98%) was acquired from Cambridge Isotope Labo1515
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S5 of the Supporting Information.
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Figure 1. Concentrations of active ingredient fungicides in diﬀerent Japanese quail tissues compared to imidacloprid.21 Graphs represent (a) lowdose (n = 10) and (b) high-dose (n = 11) birds dosed with treated wheat seeds and euthanized 1 h post-exposure. The mass (μg/seed) of
imidacloprid was approximately 15×, 30×, and 30× the mass of metalaxyl, tebuconazole, and ﬂudioxonil, respectively. Outliers represent data
points that lie outside the 10th and 90th percentiles.
were cleaned up via pass-through solid-phase extraction (SPE) using 1
cm3, 30 mg Oasis PRiME HLB cartridges. Cartridges were eluted with
two 0.25 mL aliquots of 80:20 (v/v) acetonitrile/water. Final extracts
were concentrated to a volume of 0.1 mL.
2.3.3. Tissues. Prior to extraction, tissue samples were weighed and
homogenized with sodium sulfate (Na2SO4) using a clean, solventrinsed mortar and pestle. Approximately 0.25 g of liver and muscle
and approximately 0.15 g of brain and kidney were subsampled for
extraction and analysis. Samples were extracted in 33 mL cells with
50:50 (v/v) acetone/dichloromethane using a Dionex 200 accelerated
solvent extraction (ASE) system at 1500 psi and 100 °C for 3 cycles.
Further ASE parameters were as follows: 5 min preheating, 5 min
heating to reach thermal equilibration, 5 min static solvent extraction
time, 60% ﬂush volume, and 120 s purge time. Extracts were solventexchanged into 1 mL of acetonitrile for protein precipitation and

transferred to 2 mL centrifuge tubes. Samples were centrifuged at
21100g, and the supernatants were added to 0.25 mL of water and
passed-through 3 cm3, 150 mg Oasis PRiME HLB cartridges.
Cartridges were eluted with two 0.25 mL aliquots of 80:20 (v/v)
acetonitrile/water. Tissue extracts were concentrated to a ﬁnal volume
of 0.25 mL.
2.3.4. Fecal Samples. Fecal samples were homogenized using a
mortar and pestle, and approximately 0.25 g was subsampled into a 15
mL centrifuge tube to be extracted via sonication. Following the
addition of 5 mL of acetonitrile, samples were vortexed for 10 s and
sonicated for 10 min. Fecal samples were centrifuged at 3000g, and
the supernatant was removed. The procedure was repeated, and the
supernatants were combined. Samples were cleaned up via passthrough SPE using 3 cm3, 150 mg Oasis PRiME HLB cartridges and
concentrated to a ﬁnal volume of 0.25 mL.
1517
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2.3.5. Liquid Chromatography/Tandem Mass Spectrometry (LC/
MS/MS) Analysis. Prior to analysis, samples were spiked with an
internal standard solution containing d3-thiamethoxam and d3clothianidin. Analysis was conducted on an Agilent 1260 bio-inert
high-performance liquid chromatograph coupled to an Agilent 6430
Triple Quad LC/MS (Santa Clara, CA, U.S.A.). The system was
equipped with a Kinetex EVO C18 column (2.1 × 150 mm, 2.6 μm)
from Phenomenex (Torrance, CA, U.S.A.). The injection volume was
5 μL; the ﬂow rate was 0.4 mL/min; and the column temperature was
kept at 30 °C. A gradient elution program between a solution of 5
mM ammonium formate and 5 mM formic acid (A) and acetonitrile
(B) was used for separation. The initial conditions of 95% A and 5% B
were held for 2 min before ramping to 95% B over 6 min. The mobile
phase was held at 95% B for 2 min before being brought back to initial
conditions over 0.1 min and held for 6.9 min to allow for column reequilibration (17 min total run time). MS was equipped with an
electrospray ionization (ESI) source, and analytes were detected using
the multiple reaction monitoring (MRM) mode with positive polarity.
Table S2 of the Supporting Information gives details of MS
parameters and MRM transitions.
2.4. Quality Assurance/Quality Control. Analytes were
quantiﬁed using matrix-matched calibration curves that spanned
0.25−1000 μg/L and that were prepared from samples collected from
unexposed quail. Procedural blanks, matrix spikes, and sample
replicates were analyzed concurrently to ensure data integrity. Blank
samples did not contain detectable concentrations of analytes.
Average recoveries of metalaxyl, metalaxyl alanine, tebuconazole,
OH-TEB, and ﬂudioxonil from matrix spike samples were greater than
70% in all matrices. The average surrogate recoveries of d4imidacloprid and 13C3-tebuconazole were 86.2 ± 14.1 and 83.7 ±
20.8%, respectively. Mean relative percent diﬀerences (RPDs) from
sample replicates (n = 14) were 35.3% for metalaxyl, 24.4% for
tebuconazole, and 18.4% for OH-TEB. The RPDs for metalaxyl
alanine and ﬂudioxonil could not be calculated because there were no
detections within the replicate samples. Instrument limits of detection
(iLODs) were calculated using 3× the standard deviation of eight
replicate injections of a standard in solvent (Table S3 of the
Supporting Information). Method limits of detection (mLODs) were
determined from the lowest standard in the matrix-matched curve that
produced a signal-to-noise ratio greater than or equal to 3 (Table S4
of the Supporting Information).
2.5. Data Analysis. As a result of the rapid clearance of fungicides
and their metabolites from plasma and tissues, samples often had
concentrations less than the mLOD (<LOD) or not detected (nd)
altogether. As a result, data analyses (median, mean, range, and halflife estimates) were completed by substituting the minimum,
midpoint, and maximum values for <LOD and nd. The following
substitutions were made for <LOD: the minimum value was the
iLOD; the midpoint value was the average of the iLOD and mLOD;
and the maximum value was the mLOD. The minimum, midpoint,
and maximum values substituted for nd were 0 (actually 0.000 01),
the average of 0 and the iLOD, and the iLOD, respectively. Statistical
analyses were performed using SigmaPlot 14.0 (Systat Software, Inc.,
San Jose, CA, U.S.A.) to examine the eﬀect of exposure time (1 and
10 days) and dose (low and high) on concentrations of fungicides and
metabolites in tissues. A one-way analysis of variance (ANOVA) was
performed for each scenario among the diﬀerent tissues. In scenarios
where data were not normally distributed (Shapiro−Wilk normality
test), a Kruskal−Wallis one-way ANOVA by ranks was used. Analyte
elimination half-lives were estimated assuming ﬁrst-order kinetics
(Supporting Information). Concentrations determined in sample
aliquots and the total plasma volume or tissue mass (Table S5 of the
Supporting Information) of the entire compartment were used to
calculate the percentage of administered dose (i.e., total plasma or
tissue burden).
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the number of dosing days (1 and 10 days) and the dosing
concentration (low dose and high dose) on concentrations of
metalaxyl and tebuconazole in plasma and tissues. There were
no statistically signiﬁcant diﬀerences (p > 0.05) in concentrations of metalaxyl and tebuconazole between quail
administered a single dose versus those dosed 10 consecutive
days for both low- and high-dose samples. This was true for all
plasma and tissue samples; however, signiﬁcant diﬀerences
were observed for concentrations of metalaxyl (p < 0.001) and
tebuconazole (p = 0.002) in liver and concentrations of
metalaxyl in muscle (p = 0.03) between low- and high-dose
birds (Table S6 of the Supporting Information). Because of the
lack of signiﬁcant diﬀerences in concentrations between 1 and
10 day dosing regimens, samples were grouped together by
dose (i.e., low dose versus high dose and pooled across the
number of days dosed).
Fungicides were rapidly absorbed into plasma and
distributed to tissues (liver, brain, kidney, and muscle)
following the oral dosing of Japanese quail. Metalaxyl was
the only fungicide where concentrations were detected within
all sampled matrices. Average plasma concentrations of
metalaxyl, tebuconazole, OH-TEB, and ﬂudioxonil in highdose birds were right-skewed by a single bird with
concentrations of up to 2 orders of magnitude greater (veriﬁed
upon reanalysis) than the other samples (Table 1). As a result,
median concentrations are reported. Excluding the single
outlier, tebuconazole and ﬂudioxonil were not detected in
plasma samples. Tebuconazole concentrations, however, were
detected within liver, brain, kidney, and muscle, whereas
ﬂudioxonil was not detected within any sampled tissue (Figure
1).
Concentrations of metalaxyl were detected in 50% of lowdose and 73% of high-dose plasma samples at 1 h postexposure, with median concentrations of 0.437−0.587 and
0.731 μg/L, respectively (Figure 1 and Table 1). To calculate
the percentage of administered dose for which these
concentrations were equivalent, the total plasma volume was
estimated by assuming 6−11 mL of whole blood per 100 g of
body weight, of which 49−55% is plasma.33,34 Because
concentrations were rapidly eliminated to below LODs (<24
h), the percentage of dose was calculated using only the ﬁnal
dose. As a result, plasma concentrations of metalaxyl ranged
from <0.01 to 0.16% of dose for low-dose samples and from
<0.01 to 2.91% of dose for high-dose samples (Table 1). Rapid
absorption of metalaxyl into the bloodstream is consistent with
previous studies in rats (Rattus norvegicus) dosed with the
radiolabeled compound, where maximum concentrations of
radioactivity occurred at 20 min in males and 40 min in
females.35 Concentrations were reported as metalaxyl equivalents, and therefore, no speciation was completed to
determine whether radioactivity was produced by the parent
compound or metabolites; thus, no direct comparisons could
be made between concentrations or percentage of dose.
Metalaxyl was detected in 50% of brain, 60% of kidney, and
56% of muscle samples from low-dose quail but was not
detected in liver. The median concentrations in the low-dose
samples were 0.274−0.374, 0.337, and 0.284 μg/kg of wet
weight (ww) in brain, kidney, and muscle, respectively (Figure
1a). As a percentage of metalaxyl dosed, concentrations were
<0.01−0.02% in brain, < 0.01−0.02% in kidney, and <0.01−
1.03% in muscle (Table 1). In contrast, metalaxyl was detected
in all tissues from high-dose quail (55% of liver, 82% of brain,
91% of kidney, and 73% of muscle samples). Median

3. RESULTS AND DISCUSSION
3.1. Absorption and Distribution of Fungicides. Initial
statistical analyses were conducted to elucidate diﬀerences of
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Figure 2. Concentrations of tebuconazole and its metabolite, tert-butylhydroxy-tebuconazole, in tissues of (a) low-dose (n = 10) and (b) high-dose
(n = 11) Japanese quail. Samples represent birds euthanized 1 h post-exposure. Outliers represent data points that lie outside the 10th and 90th
percentiles.

concentrations were 1.20, 0.692, 0.821, and 2.00 μg/kg of ww
in high-dose liver, brain, kidney, and muscle samples,
respectively (Figure 1b). Relating these concentrations to the
percentage of metalaxyl dosed showed that high-dose birds had
<0.01−0.02% in liver, <0.01−0.02% in brain, <0.01−0.01% in
kidney, and 0.01−1.09% in muscle (Table 1). In chickens (
Gallus gallus) dosed with radiolabeled metalaxyl, concentrations in liver, kidney, thigh muscle, and breast muscle were
0.14, 0.04, 0.31, and 0.25% of the dose.35 These results are
similar to our study with low levels of metalaxyl detected in
plasma and tissues and the highest concentrations in muscle.
Tebuconazole was not detected in any plasma samples at 1 h
post-exposure besides a outlier, a high-dose sample with a
concentration of 45.8 μg/L. Tebuconazole concentrations
were detected in 90% of liver, 60% of brain, and 70% of kidney
samples at the low dose but were not detected in muscle.
Median concentrations were 7.11, 1.90, and 5.10 μg/kg of ww
for low-dose liver, brain, and kidney samples, respectively
(Figure 1a). In terms of the percentage of tebuconazole dosed,
concentrations ranged from 0.01 to 1.06% in liver, from <0.01
to 0.12% in brain, and from <0.01 to 0.30% in kidney (Table
1). Concentrations were less than the mLOD for all low-dose
muscle samples. In contrast, for high-dose quail, tebuconazole
was detected in 100, 64, 100, and 45% of liver, brain, kidney,
and muscle samples, respectively. The median tebuconazole
concentrations were 24.1 μg/kg of ww in liver, 2.31 μg/kg of
ww in brain, and 9.35 μg/kg of ww in kidney (Figure 1b). No
median tebuconazole concentration is reported in muscle
because it was detected in less than half of the samples. These
concentrations related to the following percentage of dose
ranges of 0.15−1.38, <0.01−0.08, and 0.03−0.32% in liver,
brain, and kidney, respectively (Table 1). Muscle concentrations in high-dose samples ranged from <0.01 to 1.33% of
dose. Following the dosing of laying hens with radiolabeled
tebuconazole, concentrations of tebuconazole equivalents were

the greatest in liver, followed by kidney and muscle,
respectively (plasma and brain were not measured).36 This
pattern was also observed with tebuconazole concentrations
from Japanese quail in this study.
Fludioxonil was only detected in one high-dose plasma
sample at 27.3 μg/L. The failure to detect ﬂudioxonil
concentrations within plasma and tissue samples was possibly
due to the combination of a lower active ingredient mass
coated to the seeds and its higher mLOD. Other possible
causes of not detecting ﬂudioxonil in plasma and tissues are
unextractable, incorporated residues or rapid elimination. After
laying hens were administered radiolabeled ﬂudioxonil,
approximately 40% of ﬂudioxonil equivalents measured by
total radioactive residues (TRRs) remained unextractable and/
or associated with biological materials (i.e., proteins) within
the tissue pellets.37 The exposed hens (10 mg hen−1 day−1)
had ﬂudioxonil equivalents detected in plasma, liver, kidney,
and muscle.37 Following chromatography, ﬂudioxonil accounted for 1.2, 2.6, and 7.9−28% of the TRRs in liver,
kidney, and muscle, respectively.37 Fludioxonil was not found
to bioaccumulate in tissues,38 which was supported by data
generated in this study, where ﬂudioxonil was not detected in
tissues from birds dosed for 1 or 10 consecutive days.
3.2. Fungicide Metabolism. Registration studies have
shown extensive metabolism of fungicidal active ingredients in
goats (Capra aegagrus hircus), rats, and hens.35−39 These
studies identiﬁed 14, 10, and 12 metabolites of metalaxyl,
tebuconazole, and ﬂudioxonil, respectively.35−37 Most metabolites identiﬁed in registration studies lacked available
analytical standards and, therefore, were not included in the
instrumental analysis method. Samples were analyzed for
metalaxyl alanine and OH-TEB, two of the more abundant
metabolites detected in registration studies.36,39 It is beneﬁcial
to monitor for potential metabolites of pesticides when
assessing exposure of non-target organisms because metabolite
1519
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Figure 3. Linear relationship between concentrations of tebuconazole and its hydroxylated metabolite, tert-butylhydroxy-tebuconazole, in (a) liver,
(b) brain, (c) kidney, and (d) muscle from low- and high-dose Japanese quail euthanized 1 h post-exposure (n = 21). The linear equation and
correlation coeﬃcient are shown in each matrix.

concentration of the parent compound, which was quantiﬁed
at 18 μg/kg.39 Metalaxyl concentrations detected in the liver of
Japanese quail were near the mLOD. If quail metabolism of
metalaxyl is similar to that of hens, these values suggest that
metalaxyl alanine was near or below the mLOD and likely not
formed in appreciable amounts.
In plasma, OH-TEB was only detected 1 h post-exposure in
one high-dose sample at a concentration of 6.07 μg/L. In lowdose samples, the hydroxylated metabolite was quantiﬁed in
100% of liver, 70% of brain, 50% of kidney, and 44% of muscle
samples. The median concentrations detected in liver, brain,
and kidney samples were 6.64, 0.699, and 1.41−1.51 μg/kg of
ww, respectively (Figure 2). A median concentration was not
reported in muscle because it was detected in less than half of
the samples. With the relation of concentrations to the
percentage of the parent compound dosed, low-dose

concentrations may exceed the parent compound. For
example, average plasma and tissue concentrations of two
imidacloprid metabolites, 5-OH-imidacloprid and imidacloprid-oleﬁn, were up to 15-fold greater than the concentration
of imidacloprid following Japanese quail exposure to treated
wheat.21 The extensive metabolism of fungicidal active
ingredients may further explain the low concentrations of
parent compounds in plasma and tissues.
Non-detectable levels of metalaxyl alanine in quail plasma
and tissues are likely a result of the low dose presented from
using a commercially available seed treatment, which also
represented a plausible exposure scenario. Metalaxyl alanine
had previously been detected at concentrations of 13 μg/kg in
liver of chickens dosed for 4 consecutive days with 10 mg/day
radiolabeled metalaxyl and that were euthanized 6 h after the
ﬁnal dose.39 This metabolite concentration was similar to the
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values were lower than the total radioactivity half-life of 4.8 h
in plasma following the exposure of chickens to radiolabeled
tebuconazole.36
Fecal samples collected from birds that received one dose of
treated wheat seeds and were euthanized 24 h post-exposure
had detectable concentrations of metalaxyl, tebuconazole, and
OH-TEB in all low- and high-dose samples. Fludioxonil was
not detected in low-dose samples but was detected in 3 of 4
(75%) high-dose samples. Median concentrations in low-dose
samples were 2.03 μg/kg of ww for metalaxyl, 3.59 μg/kg of
ww for tebuconazole, and 5.10 μg/kg of ww for OH-TEB
(Figure 4). Assuming that Japanese quail produced 9.5 g of

concentrations of OH-TEB ranged from 0.08 to 0.69% in liver,
from <0.01 to 0.04% in brain, and from <0.01 to 0.20% in
kidney (Table 1). Concentrations in muscle ranged from <0.01
to 0.48% of dose. In contrast, the hydroxylated metabolite of
tebuconazole was detected in 100, 100, 100, and 55% of highdose liver, brain, kidney, and muscle samples, respectively.
Median concentrations of OH-TEB were 19.8 μg/kg of ww in
liver, 1.01 μg/kg of ww in brain, 3.26 μg/kg of ww in kidney,
and 0.373 μg/kg of ww in muscle (Figure 2). Metabolite
concentrations as a percentage of tebuconazole dosed were
0.16−0.79% in liver, <0.01−0.03% in brain, 0.01−0.09% in
kidney, and <0.01−0.38% in muscle (Table 1).
The distribution of the hydroxylated metabolite, OH-TEB,
resembled tebuconazole in quail plasma and tissue samples.
Concentrations were greatest in the liver, followed by kidney,
brain, muscle, and plasma, respectively (Figure 2); however,
concentrations of OH-TEB were lower than those of the
parent compound. Tebuconazole and OH-TEB concentrations
(as a percentage of TRRs) in liver, kidney, and muscle were
also similar in chickens dosed with radiolabeled tebuconazole.36 Linear regression on paired concentrations of OH-TEB
versus tebuconazole in each matrix resulted in slopes of 0.66,
0.43, 0.35, and 0.34 for liver, brain, kidney, and muscle,
respectively. A good correlation was observed among all tissues
(r2 > 0.80) but was slightly lower in muscle (r2 = 0.66) (Figure
3). As a result of the low detection frequency in plasma, no
correlation was completed.
3.3. Elimination and Excretion of Seed Treatment
Fungicides and Metabolites. Seed treatment fungicides and
metabolites were rapidly eliminated to below mLODs within
24 h from all Japanese quail tissues following dosing. Half-life
estimates were calculated for metalaxyl, tebuconazole, and OHTEB using concentrations detected at 1 h (n = 11), 2 h (n =
4), 4 h (n = 8), and 24 h (n = 8) from high-dose samples
(Figure S2 of the Supporting Information). No half-life
estimates were determined for ﬂudioxonil as a result of the
low detection frequency. The half-life estimates of metalaxyl
ranged from 0.240 to 0.252 h in plasma, from 0.279 to 1.26 h
in liver, from 0.681 to 1.02 h in brain, from 0.838 to 1.24 h in
kidney, and from 0.445 to 0.471 h in muscle (Table 2). These
Table 2. Half-Life (h) Estimates for High-Dose Japanese
Quail
plasma
liver
brain
kidney
muscle

metalaxyl

tebuconazole

tert-butylhydroxy-tebuconazole

0.240−0.252
0.279−1.26
0.681−1.02
0.838−1.24
0.445−0.471

a
0.709−0.728
1.41−1.46
0.679−0.679
a

a
0.827−0.836
1.10−1.37
0.782−0.840
0.827−1.25

Figure 4. Presence of metalaxyl, tebuconazole, tert-butylhydroxytebuconazole, and ﬂudioxonil in fecal samples collected from Japanese
quail euthanized 24 h post-exposure. Detections were observed for
both dosing levels. Outliers represent data points that lie outside the
10th and 90th percentiles.

a

Half-life was not calculated as a result of the low detection frequency.

droppings in 24 h, concentrations as a percentage of parent
compound dosed ranged from 0.10 to 1.24%, from 0.98 to
1.96%, and from 1.33 to 6.30% for metalaxyl, tebuconazole,
and OH-TEB, respectively. Median concentrations in highdose samples were 2.97 μg/kg of ww for metalaxyl, 11.6 μg/kg
of ww for tebuconazole, 25.8 μg/kg of ww for OH-TEB, and
23.5 μg/kg of ww for ﬂudioxonil (Figure 4). Concentrations
corresponded to 0.06−0.15, 0.50−1.94, 1.05−3.70, and 0.16−
4.74% of active ingredient dosed for metalaxyl, tebuconazole,
OH-TEB, and ﬂudioxonil, respectively.
Following the dosing of hens with radiolabeled fungicides,
more than 90% of metalaxyl, 80% of tebuconazole, and 102%
of ﬂudioxonil administered doses were detected in excre-

half-life estimates were in order with the 0.41 and 0.56 h halflife estimates for male and female rats, respectively.35 As a
result of the low number of detections in 1 h plasma and
muscle samples, half-life estimates for tebuconazole and its
hydroxylated metabolite were only calculated in liver, brain,
and kidney. The half-life estimates of tebuconazole in liver,
brain, and kidney ranged from 0.709 to 0.728 h, from 1.41 to
1.46 h, and from 0.679 to 0679 h, respectively (Table 2). For
OH-TEB, the half-life estimates ranged from 0.827 to 0.836 h
in liver, from 1.10 to 1.37 h in brain, from 0.782 to 0.840 h in
kidney, and from 0.827 to 1.25 h in muscle (Table 2). These
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ta.35−37 Because their elimination was only described in terms
of TRRs, concentrations or percentage of dose could not be
attributed to the parent fungicides or speciﬁc metabolites. In
our study, tebuconazole was the only fungicide where both the
parent compound and a metabolite were quantiﬁed. The sum
of tebuconazole and OH-TEB concentrations in quail fecal
samples ranged from 2.31 to 8.26% of dose in low-dose
samples and 1.55−5.64% of dose in high-dose samples.
Therefore, less than 10% of the administered dose was
identiﬁed and quantiﬁed in fecal samples for metalaxyl,
tebuconazole, and ﬂudioxonil. Our data suggest that most of
the fungicide equivalents (TRRs) detected in fecal samples
from radiolabeled studies were metabolic products and not the
active ingredients. Additional analytical standards of fungicide
metabolites or a non-targeted screening approach could
potentially identify a greater presence of the administered
dose in the fecal samples. Nevertheless, tebuconazole has been
detected at concentrations ranging from 50 to 68 μg/kg in
fecal matter from red-breasted geese that fed on wheat shoots
(with the seed still attached to the root) grown from pesticidetreated seeds.40 Monitoring fecal samples for parent pesticides
and metabolites may demonstrate recent exposure of nontarget organisms to current-use pesticides. Non-lethal sampling
techniques are necessary for monitoring exposure of
threatened, endangered, and protected species. In comparison
to plasma, fecal samples greatly reduce or eliminate the
handling of these species. Furthermore, for tebuconazole and
ﬂudioxonil, fecal matter proved to be a better indicator of
exposure.
3.4. Fungicide Exposure and Toxicity Hazard in the
Environment. Although these fungicides are readily absorbed,
metabolized, and excreted, it is important to note they have
been detected in tissues and digestive contents of free-ranging
wildlife and invertebrates. Frogs collected from wetlands had
metalaxyl detections in 19% of tissue samples, with
concentrations ranging up to 269 μg/kg of ww in livers and
up to 382 μg/kg of ww in whole body tissue.41 Tebuconazole
has been detected in Paciﬁc chorus frogs (Pseudacris regilla) at
concentrations up to 363 μg/kg of ww,42 native bees at 3.9 μg/
kg,43 and less than 10 μg/kg in gray partridge eggs.44
Furthermore, tebuconazole and ﬂudioxonil were two of six
fungicides detected in the digestive tract contents of wild
partridges. Tebuconazole was detected in 19.1% of samples,
with a maximum concentration of 9.3 μg/g, and ﬂudioxonil
was detected in 1.0% of samples, with a maximum
concentration of 0.046 μg/g.4 The detection of fungicides in
non-target organisms warrants further studies on their uptake,
metabolism, elimination, and toxicity.
In comparison to insecticides, the fungicides used in seed
treatments are relatively non-toxic to birds. The median lethal
dose (LD50) of imidacloprid has been reported as 31 mg/kg of
bw in Japanese quail.17 Comparatively, the LD50 values for
metalaxyl, tebuconazole, and ﬂudioxonil are 1466 mg/kg of bw
(mallard duck, Anas platyrhynchos),45 2912 mg/kg of bw
(Japanese quail),46 and >2,000 mg/kg of bw (bobwhite quail,
Colinus virginianus),47 respectively, as reported for various
avian species. To reach these LD50 values, a 100 g Japanese
quail would have to consume hundreds of seeds for
imidacloprid to hundreds of thousands of seeds for the three
fungicides. Therefore, it would be unlikely for bird die-oﬀs to
occur in the ﬁeld as a result of consumption of treated seeds
containing metalaxyl, tebuconazole, and ﬂudioxonil at the
levels tested. Interspeciﬁc diﬀerences in sensitivity to pesticides

Article

may result in adverse eﬀects in diﬀerent avian species. For
instance, the LD50 of imidacloprid alone ranges 19-fold, from
15 mg/kg of bw in gray partridge to 283 mg/kg of bw in
mallard duck.17 The current study did not demonstrate
bioaccumulation of the fungicides in tissues after repeated
doses. The behavioral and physical performance eﬀects
observed in quail dosed with Sativa IMF Max wheat seeds
were attributed to imidacloprid;21 however, there was potential
for chronic, sublethal (i.e., reproductive), and synergistic
eﬀects. Information is currently lacking on the direct and
indirect eﬀects of fungicides on vertebrate species.30
A search of the Crop Data Management Systems label
database obtained 319 products used for wheat in the U.S. that
contained fungicidal active ingredients.48 This search included
products that are used as either seed treatments or sprays. It is
important to note that, while metalaxyl, tebuconazole, and
ﬂudioxonil were all present at less than 1% within the Sativa
IMF Max formulation,32 these fungicides are potentially
present at far greater concentrations in other seed treatments
used with wheat. For instance, metalaxyl is 30.0% (5.12 μg/
seed) in Acquire;49 tebuconazole is 28.3% (0.67 μg/seed) in
Raxil 2.6F;50 and ﬂudioxonil is 40.3% (0.83−1.65 μg/seed) of
the products Maxim 4FS and Dyna-Shield Fludioxonil.51,52
The active ingredient mass per seed was calculated from the
recommended application ﬂow rates reported on the seed
labels. Therefore, a granivorous bird consuming wheat seeds
coated with an alternative seed treatment formulation could
potentially be exposed to up to 8 times the fungicide active
ingredient mass received from Sativa IMF Max.
Seed treatment fungicides were rapidly absorbed into the
bloodstream and distributed to liver, brain, kidney, and muscle
tissues; however, metalaxyl, tebuconazole, and ﬂudioxonil were
not found to bioaccumulate within Japanese quail and were
rapidly cleared via metabolism and excretion. Across plasma,
tissue, and fecal samples, concentrations ranged from <0.15 to
2.49%, from <1.03 to 4.58%, and from <1.45 to 7.76% of the
fungicide dosed for metalaxyl, tebuconazole, and OH-TEB,
respectively. The same percentage of parent compound dosed
ranges for high-dose samples were <0.11−4.20% for metalaxyl,
<0.71−8.22% for tebuconazole, and <1.25−5.39% for OHTEB. Summing tebuconazole and OH-TEB in both low- and
high-dose samples resulted in less than 15% of the
tebuconazole dosed being identiﬁed. It was hypothesized that
the parent fungicides either remained in the digestive contents
of Japanese quail or were biotransformed into metabolites that
lacked analytical standards. The high detection frequencies of
fungicides and metabolites in fecal samples potentially oﬀer a
non-invasive, non-lethal sampling technique to monitor recent
avian exposure to current-use pesticides in the environment. It
is critical to monitor biological samples for metabolic products
because less than 9% of the administered dose was identiﬁed as
the parent compound. Application of high-resolution, accurate
mass (HRAM) mass spectrometry or synthesis of new
analytical standards could better characterize the fate of
fungicides in quail plasma, tissue, and fecal samples. As a result
of interspeciﬁc diﬀerences in sensitivity and the immense
number of synthetic pesticides with varying physicochemical
properties used in seed coatings, it is important to continue
assessing the toxicokinetics of seed treatment pesticides in
non-target organisms.
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S1

Half-life Calculation:
Half-lives were estimated assuming first order kinetics. Metalaxyl, tebuconazole, and tbutylhydroxy-tebuconazole concentrations were plotted over time (1, 2, 4, and 24 h). Data were
fit to the following equation:
𝐶 = 𝐶0𝑒 ―𝑘𝑡
where C is the concentration, C0 is the y-axis intercept, k is the elimination rate constant, and t is
time. Half-lives were estimated by dividing the ln (2) by the rate constant (k). Plots are seen in
Figure S2.
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Figure S1: Mean ± standard deviation (n=10) of active ingredients masses (µg/seed) from Sativa®
IMF Max treated wheat seeds.
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Figure S2: Elimination graphs following the substitution of minimum (min), midpoint (mid), and
maximum (max) values for <LOD or n.d. Graphs represent analyte concentrations detected in high
dose samples collected at 1 h (n = 11), 2 h (n = 4), 4 h (n = 8), and 24 h (n = 8) post-exposure.
S7

Elimination graphs were plotted for the following: metalaxyl in (a) plasma, (b) liver, (c) brain, (d)
kidney, and (e) muscle; tebuconazole in (f) liver, (g) brain, and (h) kidney; t-butylhydroxytebuconazole in (i) liver, (j) brain, (k) kidney, and (l) muscle. The exponential equation and
correlation coefficient are shown for each figure. Rate constants from each equation were used to
determine ranges in half-life estimates.
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Table S1: Number of Birds Euthanized at Each Time Point
1 day

10 day
Total

time point (h)
1
2
4
24
1
4
24

control
5
1
1
1
5
1
1
15

low dose
5
4
4
4
5
4
4
30

high dose
6
4
4
4
5
4
4
31
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Table S2: Mass Spectrometer Parameters and Multiple Reaction Monitoring (MRM)
Transitions for Target Analytes
retention time
(min)

fragmentor voltage
(V)

MRM transitions
(m/z)a
295  214
d3-thiamethoxam
6.3
73
295  184
260.1  213
d4-imidacloprid
6.9
91
260.1  179
296.2  278.1
metalaxyl alanine
7.3
59
296.2  146.1
280.2  160.1
metalaxyl
8.4
68
280.2  192.1
324.2  70.1
t-butylhydroxy-tebuconazole
8.5
121
324.2  125
266.1  229
fludioxonil
9.2
59
266.1  157.9
308.2  70.1
tebuconazole
9.4
92
308.2  125
311.2
 70.1
13C -tebuconazole
9.4
112
3
311.2  125
aAll precursor ions are (M+H)+ except for fludioxonil, which is (M+NH )+
4

collision energy
(eV)
8
20
12
16
4
12
20
12
20
50
4
36
20
40
20
36
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Table S3: Instrument limit of detections (iLODs) amongst different Japanese quail
matrices
metalaxyl
metalaxyl alanine
tebuconazole
t-butylhydroxy-tebuconazole
fludioxonil

plasma
(µg/L)
0.1
0.1
0.2
0.1
1.0

liver
(µg/kg)
0.1
0.1
0.2
0.1
1.0

brain
(µg/kg)
0.2
0.2
0.3
0.2
1.7

kidney
(µg/kg)
0.2
0.2
0.3
0.2
1.7

muscle
(µg/kg)
0.1
0.1
0.2
0.1
1.0

feces
(µg/kg)
0.2
0.2
0.3
0.2
1.7
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Table S4: Method limit of detections (mLODs) amongst different Japanese quail
matrices
metalaxyl
metalaxyl alanine
tebuconazole
t-butylhydroxy-tebuconazole
fludioxonil

plasma
(µg/L)
0.4
0.3
1.0
0.3
5.0

liver
(µg/kg)
1.0
1.0
1.0
1.0
5.0

brain
(µg/kg)
0.4
0.4
1.7
0.4
8.3

kidney
(µg/kg)
0.4
1.7
1.7
0.4
8.3

muscle
(µg/kg)
0.3
0.3
1.0
0.3
5.0

feces
(µg/kg)
0.4
1.0
1.7
0.4
8.3
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Table S5: Total plasma volume estimates and tissue weights of Japanese quail
euthanized 1 h post-exposure
sample
175, LD1

doses
(#)
1

low plasma
estimate (mL)
3.06

high plasma
estimate (mL)
6.29

liver
(g)
1.47

brain
(g)
0.81

kidney
(g)
0.66

muscle
(g)
naa

128, LD2

1

2.80

5.76

1.40

0.68

0.53

28.12

166, LD3

1

3.10

6.38

1.41

0.72

0.67

32.49

193, LD4

1

3.20

6.59

1.71

0.70

1.40

28.19

153, LD5

1

2.91

5.98

1.34

0.74

0.59

26.04

179, LD6

10

3.11

6.40

1.74

0.70

0.66

33.26

157, LD7

10

3.33

6.85

1.68

0.83

0.59

34.51

162, LD8

10

3.22

6.63

1.78

0.69

0.70

35.49

174, LD9

10

3.26

6.72

1.65

0.80

0.52

34.01

124, LD10

10

2.77

5.70

1.89

0.70

0.74

30.83

133, HD1

1

2.73

5.61

1.30

0.75

0.59

28.12

180, HD2

1

3.28

6.76

1.26

0.68

0.54

33.82

147, HD3

1

3.09

6.36

1.56

0.74

0.65

29.19

141, HD4

1

3.34

6.88

1.93

0.79

0.67

31.15

G123, HD5

1

3.32

6.84

1.26

0.58

0.66

31.37

186, HD11

1

3.21

6.60

1.75

0.78

0.63

32.35
30.98

125, HD6

10

2.99

6.15

1.71

0.76

naa

138, HD7

10

2.98

6.13

2.05

0.68

0.71

26.77

191, HD8

10

3.34

6.87

1.71

0.74

0.57

32.95

185, HD9

10

3.13

6.44

1.75

0.76

0.70

30.60

196, HD10

10

3.45

7.11

2.03

0.77

0.69

32.13

ana

– not analyzed
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Table S6: Statistical p-values from one-way ANOVA or Kruskal-Wallis one-way ANOVA by
ranks examining the effect of dosing days and dosing concentration on concentration levels
within Japanese quail plasma and tissuesa
metalaxyl
tebuconazole
low dose (LD)
high dose (HD)
low dose (LD)
high dose (HD)
LD vs. HD
LD vs. HD
1 d vs. 10 d
1 d vs. 10 d
1 d vs. 10 d
1 d vs. 10 d
plasma
0.77-0.84
0.93
0.20
1.00
0.66
0.34
liver
0.69
0.07-0.20
<0.001
0.60-0.62
0.59
0.002
brain
0.84
0.66
0.12
0.25-0.60
0.33
0.29
kidney
0.84
0.64-0.67
0.08
0.59-0.60
0.55
0.06
muscle
0.22-0.25
0.52-0.54
0.03
0.91
0.24-0.29
0.33-0.44
aIf non-detects (n.d.) or less than limits of detection (<LOD) were present, the Kaplan-Meier method was used to
estimate the extremes of the p-values
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